premise has never been directly tested. To elucidate cle at rest, and after spontaneous exo-endocytosis, the mechanisms that lead to spontaneous synaptic they populate a reluctantly releasable pool of limited vesicle fusion, we employed electrophysiological and size. Interestingly, vesicles in this spontaneously laoptical imaging techniques that allowed us to track the beled pool were more likely to re-fuse spontaneously synaptic vesicles' history of use. Using these approaches, compared to vesicles labeled with activity. We found we found that distinct vesicle pools with limited crossthat blocking vesicle refilling at rest selectively detalk sustain spontaneous versus activity-dependent pleted neurotransmitter from spontaneously fusing synaptic vesicle recycling. both probes, which resulted in similar fluorescence in-
syt1 resulted in brighter fluorescence compared to is exposed to the extracellular medium ( Figure 2A ). This experiment resulted in significant punctate immunospontaneous AM1-44 uptake ( Figures 1I and 1J) .
We next tested whether spontaneously endocytosed labeling of hippocampal cultures without permeabilization ( Figure 2B ). When we introduced the secondary ansynaptic vesicles recycle and become reavailable for fusion and thus take up a second probe. To test this tibody through permeabilization after the spontaneous uptake of the primary antibody, the amount and the possibility, we exposed cultures to the antibody against the lumenal domain of syt1 for 15 min in the presence pattern of fluorescence labeling was comparable to the one seen before when the secondary antibody was inof TTX. After wash out of the primary antibody (>15 min), we incubated cultures with the fluorescently controduced by uptake without permeabilization ( Figures  2D, 2E , and 2H). To check the amount of syt1 epitope jugated secondary antibody (in the presence of TTX), which can only recognize the primary antibody once it available on the surface membrane at any given time sponse to stimulation. Surprisingly, application of 90 mM K + /2 mM Ca 2+ depolarizing solution to the spontaneously stained puncta resulted in slow monophasic destaining ( Figure 3B ). In contrast, when we labeled the same set of synapses with elevated potassium (47 mM K + ) stimulation after a 10 min rest period, they were labeled intensely and destained with the typical biphasic pattern generally observed in response to a 90 mM K + challenge (Klingauf et al., 1998) ( Figure 3B ). When we challenged spontaneously labeled synapses with 10 Hz field stimulation, this low-intensity stimulation also led to slower destaining compared to the destaining induced by 10 Hz stimulation of the same synapses labeled with 47 mM K + stimulation ( Figure 3C ). This result suggests that spontaneously endocytosed vesicles selectively populate a reserve pool from which they are only reluctantly available for release.
To examine this premise in depth, we investigated three additional parameters. First, we analyzed the rates of 90 mM K + -induced dye loss from individual synapses labeled through spontaneous fusion or elevated potassium (47 mM K + ) stimulation (see Figure S1 available with the Supplemental Data available with this article online). Interestingly, this analysis revealed that approximately 10% (out of 295) of synapses showed Second, we tested whether the rate of destaining was affected by the duration of dye wash out after staining. When we rapidly washed out FM dye within 2 min (induring spontaneous vesicle recycling, we labeled culstead of the usual 10 min) using fast perfusion (10 ml/ tures with the secondary antibody after fixation but min) and applied 90 mM K + stimulation immediately afwithout permeabilization (Figures 2A, 2F, and 2G ). This ter dye washout, spontaneously labeled synapses still maneuver resulted in substantially diminished fluoresdestained slower than synapses labeled with activity cence labeling, which can be partly due to nonspecific ( Figure S2 ), suggesting that the 10 min time delay for reactivity of the secondary antibody. This finding sugdye wash did not mask a fast component of release for gests that most of the fluorescence in earlier experispontaneously labeled synapses. Finally, we examined ments originated from internalized syt1 ( Figure 2H ).
whether synapses labeled through spontaneous recyTaken together, the re-availability of the primary syt1 cling could release dye in response to hypertonic sucrose antibody for interaction with the fluorescent secondary stimulation. Brief hypertonic sucrose application releases after a 15 min wash period indicates that synaptic vesivesicles from the readily releasable pool (Rosenmund cles are spontaneously recycled with minimal loss of and Stevens, 1996). Therefore, if spontaneously labeled their molecular identity.
vesicles randomly mixed within the total activitydependent recycling pool, then some of these vesicles Spontaneously Endocytosed Vesicles Preferentially should be resident within the readily releasable pool Populate a Reluctant/Reserve Pool and thus could be released by hypertonic sucrose apIf some synaptic vesicles recycle at rest, then do these plication. When we perfused hyperosmolar solution vesicles randomly mix with the activity-dependent re-(+0.5 M sucrose) onto spontaneously labeled synapses, cycling vesicles? To address this question, we exposed they did not release appreciable dye ( Figure S3 ). In conhippocampal cultures to the styryl dye FM2-10 for 10 trast, synapses labeled with activity released more than min in the presence of TTX ( Figure 3A 
Vesicles Labeled with Minimal Activity Randomly Mix within the Total Recycling Pool
Comparison of the amount of dye loaded after spontaneous and 47 mM K + staining protocols revealed that during 10 min spontaneous activity we could label only about 25% of the total recycling pool stained using the 47 mM K + challenge. To test whether the extent of dye loading or the number of dye-loaded vesicles is a determinant of subsequent destaining kinetics, we labeled synapses with 60 action potentials applied within 2 s (30 Hz × 2 s) ( Figure 4A ). This stimulation stained approximately 30% of the total vesicle pool, and, in contrast to the behavior of spontaneously labeled vesicles, application of 90 mM K + /2 mM Ca 2+ solution resulted in biphasic destaining. The kinetics of destaining was identical to that seen after labeling of the total recycling pool with 47 mM K + stimulation ( Figure 4B ). This result suggests that vesicles labeled with 30 Hz × 2 s stimulation randomly mix within the total recycling pool. In the case of spontaneously exo-endocytosed vesicles, however, equal mixing of endocytosed vesicles within the recycling pool does not occur during the 10 min wash out period after dye uptake. The comparable magnitude of dye labeling after 30 Hz × 2 s stimulation and spontaneous labeling indicates that this observation is not simply due to a low signal-to-noise ratio at low fluorescence intensities but is an outcome of the presence or absence of stimulation during dye uptake. 
cally [n = 5])
. In 8 mM Ca 2+ , a 2 min incubation with FM was significantly faster in accordance with the earlier observation that elevated extracellular Ca 2+ concentradye labeled up to 25% of the total recycling pool. Vesicles stained in this manner still destained slowly when tion increases frequency of spontaneous fusion ( Figure  5C ). We also tested whether prolonged loading (10 min) exposed to a 90 mM K + challenge. In contrast, incubation of synapses in 47 mM K + solution for 15 min or in the presence of background network activity (0.83 ± 0.15 Hz, n = 3) altered the rate of subsequent spontane-4 mM K + solution for 15 min in the absence of TTX (to allow network activity) resulted in a significantly higher ous dye loss. Vesicles labeled in this way were mostly endocytosed in response to network activity since the level of labeling with these synapses displaying typical biphasic destaining kinetics during 90 mM K + stimulaamount of dye uptake is at least 2-fold larger than spontaneous dye uptake (in TTX) for the same duration. tion ( Figures 4D and 4E ). Taken together, these results show that the kinetics of destaining was strictly depenThese vesicles endocytosed during network activity were also slow in their ability to fuse spontaneously dent on the presence or absence of stimulation during the loading phase but not to the duration of dye labelcompared to vesicles that were labeled spontaneously (black diamonds, Figure 5C ). These findings also coning or the number of vesicles labeled. In addition, irrespective of extracellular Ca 2+ levels or the duration of firm the specificity of the spontaneous dye loss paradigm we used here to monitor spontaneous vesicle restimulation, spontaneous dye uptake labeled a limited pool size, less than one-third of the total recycling pool, cycling. which was only reluctantly releasable during sustained stimulation ( Figure 4E Incorporation of these parameters in a simple recycling tosed vesicles to re-fuse spontaneously? To address scheme can accurately describe our data. In the abthis question, we labeled synaptic terminals either sence of this recycling step, dye release is expected to through spontaneous dye uptake or activity-dependent decline by more than 60% within 20 min (Figures 5B stimulation. Then, after dye wash out, we monitored the and 5D). Furthermore, this kinetic model, by a 2-fold rate of spontaneous fluorescence decay for 20 min increase in the rate of spontaneous exocytosis "α," ( Figure 5A ). In these experiments, to minimize fluorescould also successfully account for the increased rate cence loss due to photobleaching, we acquired images of dye loss in the presence of 8 mM Ca 2+ in the extrausing brief exposures at 30 s time intervals. Surpriscellular medium ( Figures 5C and 5D ). However, it is posingly, spontaneously stained synapses showed more sible that increased extracellular Ca 2+ may also affect pronounced spontaneous destaining compared to fluoother parameters such as the rate of recycling "β" (Figrescence destaining Fusing Vesicles Optical experiments we described so far suggest that In contrast, synapses labeled with spontaneous dye uptake showed accelerated destaining with the loss of a discrete pool of spontaneously recycling vesicles give rise to the electrophysiologically detected spontaneous 45% of the initial level within the same time frame. Thus the acceleration in the rate of spontaneous dye loss fusion events (miniature synaptic currents, or "minis").
To test this prediction, we designed the following exwas not dependent on the number of labeled vesicles but was rather a consequence of the absence of stimuperiments in which we tagged spontaneously recycling vesicles by blocking neurotransmitter refilling after enlation during dye uptake. This result suggests that spontaneously endocytosed vesicles were more likely docytosis at rest (Zhou et al., 2000) ( Figure 6A ). Recordings obtained after 10 min incubation of hippocampal to be reused spontaneously.
We next compared the rate of spontaneous dye loss cultures with the vacuolar ATPase inhibitor folimycin in the presence of TTX demonstrated a 6-fold reduction in the presence of 2 mM or 8 mM Ca 2+ after spontaneous dye uptake. In 8 mM Ca 2+ , spontaneous dye loss of mini frequency ( Figures 6B, 6C, and 6E) . In contrast, this treatment only produced a 20% decrease in the sulting from the absence of neurotransmitter refilling during vesicle recycling. The decrease in mini freamplitudes of minis ( Figure 6F) . Similarly, the decrease in the size of evoked synaptic current was only 25% quency recorded during the 10 min folimycin perfusion was about 2-fold less than the decline seen in Figure 6 . after prolonged folimycin treatment (Figures 6D and  6G ). These observations are consistent with the results We believe this difference is due to the 5-10 min delay between the incubation with folimycin and the actual of the earlier optical experiments demonstrating that spontaneously fusing vesicles originate from a distinct recordings shown in Figure 6 . pool other than the ones that fuse in response to presynaptic action potentials. Therefore, blocking vesicle refilling at rest (in TTX) selectively depletes neurotransUltrastructural Identification of Spontaneously Recycling Synaptic Vesicles mitter from spontaneously recycling vesicles, since these vesicles would lose their neurotransmitter upon To visualize the spontaneously recycling vesicles at the ultrastructural level, we quantified the uptake of horseexo-endocytosis. In contrast, activity-dependent recycling vesicles are only affected by neurotransmitter radish peroxidase (HRP) using electron microscopy (Heuser and Reese, 1973). In these experiments, hippoleakage due to slow intravesicular alkalinization during folimycin treatment (Sankaranarayanan and Ryan, 2001 ).
campal cultures were treated with 90 mM K + for 120 s or were incubated with TTX for 15 min. HRP was preHowever, evoked transmission in folimycin-treated cultures showed a rapid use-dependent depression during sent during the depolarization period or during the TTX treatment. In 90 mM K + treated synapses, the number repetitive stimulation, suggesting these vesicles also cannot be refilled with neurotransmitter once they recyof labeled vesicles per synapse per section was around ten (9.7 ± 1.2, n = 22, Figures 7A and 7B ). In contrast, cle (data not shown).
In order to directly monitor the effect of folimycin, we spontaneously labeled vesicles were few in number (4 ± 0.4, n = 22, per synapse/section, range = 1-8, merecorded minis during folimycin application during the 10 min period. In these experiments, we detected a sigdian = 4, Figures 7A and 7B ). Both activity-dependent vesicles and spontaneously labeled vesicles had simnificant gradual drop in mini frequency, whereas the amplitude of individual events remained relatively conilar normal morphology ( Figure 7C) , and all labeled vesicles appeared to be evenly distributed within the synstant ( Figure S4 ). This finding is consistent with the premise that the decrease in mini frequency is due to aptic vesicle cluster. These observations complement previous experiments using antibodies against synato-"all or nothing" loss of electrical quantal responses re- derlie spontaneous synaptic vesicle recycling, we monitored spontaneous FM dye uptake and release in embryonic hippocampal cultures derived from synaptobrevin-2 significantly slower than dye loss from vesicles labeled (VAMP-2)-deficient mice. Synaptobrevin-2 is the major spontaneously ( Figure 8B ). In the syb2 −/− synapses, in SNARE protein of synaptic vesicles and is required for agreement with previous electrophysiological experifast Ca 2+ -triggered synaptic vesicle exocytosis. The gements, the overall rate of spontaneous fusion was netic deletion of synaptobrevin-2 partially abolishes 3-fold slower than wt synapses. In addition, the amount fusion. Synaptobrevin-2-deficient (syb2 −/− ) synapses of spontaneous dye labeling was 2-fold reduced comshowed a 6-fold reduction in spontaneous fusion frepared to wt synapses. We attribute this apparent reducquency, and they still exhibited w10% of wild-type (wt) tion in the difference between wt and syb2 −/− synapses release when stimulated by an application of hyper-(compared to the earlier electrophysiological results) to tonic sucrose (Schoch et al., 2001 ). In contrast, the muthe inherent bias toward selection of brighter puncta tant synapses displayed <1% of wt release when stimpresumably corresponding to more active synapses ulated by Ca 2+ influx during an action potential. during analysis of optical experiments. However, in However, syb2 −/− synapses were capable of vesicle restriking contrast to wt synapses, the syb2 −/− synapses cycling on a slow timescale in response to high potasshowed similar rates of spontaneous dye loss after acsium stimulation or repetitive action potential stimulativity-dependent and spontaneous dye uptake. This obtion (Deák et al., 2004) . We first tested littermate wt servation suggested that, in the absence of synaptocultures for the validity of our earlier observations in brevin, activity-dependent and spontaneous vesicle postnatal rat cultures (Figure 8) . Spontaneous dye loss pools mix randomly. Next, we tested this premise using 90 mM K + induced destaining. Here, as in rat cultures, after activity-dependent dye loading (47 mM K + ) was
Discussion
The results of this study suggest that synaptic vesicles recycle at rest, which can be detected by uptake and reavailability of an antibody against the lumenal domain of synaptic vesicle protein synatotagmin-1 as well as internalization and release of styryl dyes. From these findings, we can reach three major conclusions on the nature of spontaneous vesicle recycling in hippocampal synapses. First, spontaneously endocytosed vesicles preferentially populate a reluctant/reserve pool, which has limited cross-talk with vesicles in the activity-dependent recycling pool. Second, the size of this spontaneously recycling vesicle pool is limited. Finally, vesicles in the spontaneously recycling pool are more likely to re-fuse spontaneously. The evidence that supports these results can be summarized as follows: using uptake and release of fluorescent styryl dye FM2-10, we could show that the kinetics of dye release strictly depends on the manner in which the dye was taken up into vesicles. Whenever we allowed activity (action potentials or high K + ) during dye uptake, the vesicles were equally mixed within the total recycling pool and showed similar rapid mobilization kinetics in response to sustained stimulation. In contrast, these activity-dependent recycling vesicles were not as readily available for release in the absence of stimulation. This situation was the opposite of what we observed with spontaneous dye uptake. Vesicles that took up dye during spontaneous exo-endocytosis were only reluctantly available for release during sustained stimulation, whereas they were swiftly mobilized in the absence of logically tagged spontaneously recycling synaptic vesicles using a blocker of vacuolar ATPase. This maneuver spontaneously labeled vesicles in littermate wt synselectively depleted neurotransmitter from spontaneapses displayed slow activity-dependent destaining in ously recycling vesicles and thus resulted in a 6-fold response to 90 mM K + . In contrast, vesicles labeled with decrease in miniature postsynaptic current frequency. activity displayed typical robust destaining. In syb2
−/−
In contrast, the amplitudes of evoked events were minisynapses, vesicles labeled either with activity (47 mM mally affected by this treatment, suggesting that the K + ) or with spontaneous dye uptake destained slowly vesicles that give rise to evoked events were not recywith similar rates. Taken together, these findings sugcled spontaneously. gest that, in the absence of synaptobrevin-2, activityThese findings raise the question whether spontanedependent and spontaneously recycling vesicle pools ously recycling vesicles fuse at the active zone or at an mix, implicating the involvement of a synaptobrevinectopic site as suggested by some earlier studies in the neuromuscular junction (Colmeus et al., 1982; but see mediated process in segregation of the two pools.
Van der Kloot, 1996). The evidence presented in this fusion probability of activity-dependent vesicles is low, study does not exclude either possibility. However, we at the limit of our technical resolution. Therefore, some should note that a recent study in the frog neuromuscuspontaneous fusion events may still arise from primed lar junction showed that the docked vesicle pool might vesicles, albeit with a lower probability. The major canot directly correspond to the readily releasable pool veat of our approach is that we only have an indirect ( 
